The evolution of multicellular animals (i.e. metazoans) from a unicellular ancestor is one of the most important yet least understood evolutionary transitions. Historically, given its indispensable functions in intercellular communication and exclusive presence in metazoans, phosphotyrosine (pTyr) signalling was considered a metazoan-specific evolutionary innovation that might have contributed to the origin of metazoan multicellularity. However, recent studies have led to a new understanding of pTyr signalling evolution and its role in the metazoan origin. Sequence analyses have unravelled a much earlier emergence of pTyr signalling in eukaryotic evolution. Even so, several distinct properties of holozoan pTyr signalling may have paved the way for a hypothesized functional transition of pTyr signalling at the multicellular origin, from environmental sensing to intercellular communication, and for it to evolve as a powerful intercellular signalling system for multicellularity. Biochemical analyses of premetazoan pTyr signalling components have further revealed the premetazoan origin of many key features of metazoan pTyr signalling, and the metazoan establishment of others, including the Csk-mediated negative regulation of the activity of Src, a conserved tyrosine kinase in the Holozoa. Finally, potential future directions are discussed, with a stress on the biological functions of premetazoan pTyr signalling via newly developed gene manipulation tools in non-animal holozoans.
Introduction
The evolutionary transition from unicellular to multicellular organisms is regarded as one of the major evolutionary transitions (METs) in the history of life [1] . Understanding its underlying mechanisms will deepen our empirical and theoretical knowledge of evolution and development, and may also hold implications for cancer research and therapy, as cancer can be viewed as a loss-of-function driven reverse evolution from multicellularity to unicellularity [2] [3] [4] . It is hypothesized that the multicellular transition may require several critical evolutionary innovations, including cell adhesion, cell communication and cell differentiation [5, 6] . Among them, cell communication coordinates the spatial and functional relationships between individual cells in a multicellular whole, which forms a basis of coordinated cell growth and proliferation, cell differentiation, and pattern formation in multicellular organisms.
In contrast with many other METs (e.g. prokaryotes to eukaryotes), multicellularity has emerged multiple times in very different lineages [6] . Unlike several times in bacteria, algae and fungi, the multicellular system of animals (i.e. metazoans) evolved only once [6] , and it displays highly mobile forms with extraordinary diversity and complexity. In extant animals, phosphotyrosine ( pTyr) signalling is an important intercellular communication system that regulates many multicellular processes such as coordinated cell proliferation and differentiation, and its perturbation is closely related to many human diseases, especially cancer [7] . The tyrosine kinase (TK) is a central player of pTyr signalling that phosphorylates tyrosine residues, and in contrast with the elaborate profiles of TKs in diverse metazoan phyla, TKs (and thereby pTyr signalling) were previously not found in plants, fungi and other analysed eukaryotes [8, 9] . Metazoan-like TKs are absent in bacteria, although many bacteria evolved unique tyrosine kinases known as bacterial tyrosine (BY) kinases [10] . Considering its indispensable functions in maintaining multicellularity and ( previously presumed) exclusive presence in metazoans, pTyr signalling was hypothesized to be a metazoan-specific evolutionary innovation that might have contributed to the origin of metazoan multicellularity, by constituting (at least in part) the molecular basis of nascent intercellular communication.
Like many other signalling machineries, a complete toolkit of pTyr signalling consists of a triad of functional modules: (i) 'writer', a TK that phosphorylates certain tyrosine residues on the substrate protein; (ii) 'reader', a protein that recognizes the pTyr by its Src Homology 2 (SH2) domain or other pTyrbinding domains (e.g. a subset of phosphotyrosine-binding (PTB) domains, at least one conserved domain 2 (C2 domain, while other analysed C2 domains are usually used for membrane binding), etc.) and specifies downstream signalling; and (iii) 'eraser', a protein tyrosine phosphatase (PTP) that dephosphorylates the tyrosine residue [7, 11, 12] (figure 1a). TKs belong to the eukaryotic protein kinase (ePK) superfamily, which also includes serine/threonine kinases (STKs) that mostly phosphorylate serine and threonine residues. TKs evolved from STKs, and although some STKs can also phosphorylate tyrosine residues, TKs evolved a characteristic catalytic loop motif that discriminates them from all STKs [8, 9] . TKs are divided into receptor tyrosine kinases (RTKs) that have transmembrane regions, and cytoplasmic tyrosine kinases (CTKs) that have none, but some CTKs can associate with the membrane via a post-translational modification (e.g. myristoylation) [7] . Upon ligand binding to its extracellular domains, an RTK undergoes dimerization and subsequent autophosphorylation, which recruits intracellular proteins with pTyr-binding domains and thereby transduces extracellular signals into the cell. These pTyr-binding domain-containing proteins can be CTKs that relay signals, adaptor proteins that recruit other signalling proteins, transcription factors, etc., [7] (figure 1b).
In this review, we summarize recent sequencing-based studies on pTyr signalling toolkits in diverse eukaryotic lineages, which have led to a new understanding of pTyr signalling evolution and its role in the origin of animal multicellularity. Biochemical analyses of many premetazoan pTyr signalling components have further contributed to more details underlying this topic. We conclude with potential future directions, stressing the promising studies focused on the biological functions of premetazoan pTyr signalling, via recently developed gene manipulation methods in the unicellular relatives of metazoans.
The origin of phosphotyrosine signalling
TKs (and thus pTyr signalling) were historically thought to be a metazoan innovation. But in 2001, in Monosiga brevicollis, a unicellular member of choanoflagellates that are the closest known living relatives of metazoans [13] , the first TK (MBRTK1) outside of the Metazoa was identified [14] . This was followed by the discovery of many other TKs in M. brevicollis and several other choanoflagellate species [15] [16] [17] . The genome sequencing of M. brevicollis [18] revealed its surprisingly rich and complex repertoire of TKs, which is comparable to those of metazoans [11, 18, 19] . Moreover, such richness and complexity could also be observed in its other two pTyr signalling components, SH2 domain-containing proteins and PTPs [11, 18, 19] . Therefore, the complete pTyr signalling toolkit already existed in a close unicellular relative of metazoans.
The studies of pTyr signalling toolkits in M. brevicollis and several other eukaryotic lineages led to a model of pTyr signalling evolution. It was proposed that the complete threepart pTyr signalling toolkit originated through three successive stages [12] . Each stage is represented by an extant model organism, which is intended not to delineate the exact evolutionary path, but to identify the potential stable intermediates in the evolutionary landscape [12] . Stage 1 (represented by the budding yeast Saccharomyces cerevisiae) has PTPs with very limited number and domain architecture complexity, and no SH2 domains and TKs (despite a proto-SH2 domain in S. cerevisiae that binds to pSer/Thr but not to pTyr [20] ). These PTPs are probably used to reverse the STK-catalysed rare crossphosphorylation of specific tyrosine residues, which may function through direct allosteric effects in the substrate proteins (e.g. MAPKs and Cdk1 in S. cerevisiae) rather than being read by SH2 domains [11, 12] . A caveat, however, in using S. cerevisiae to exemplify simple pTyr signalling systems is that it has experienced a dramatic gene loss [21] . Stage 2 is exemplified by the slime mould Dictyostelium discoideum. Despite limited PTPs, this stage has evolved functional yet also limited SH2 domains, together with increased cross-reactivity for tyrosine residues by STKs [11, 12, 19] . This may reflect the most primitive form of pTyr writer/reader/eraser systems. Stage 3 is reflected by M. brevicollis and metazoans, which are characterized by the emergence of dedicated TKs and thereby the complete pTyr signalling toolkit, as well as the extensive expansion of all three pTyr signalling components in both abundance and complexity [11, 12, 18, 19] . Therefore, its presence in M. brevicollis renders pTyr signalling, neither a hallmark of metazoan evolution nor, as indicated by the strict unicellular nature of M. brevicollis, an information processing system restricted for intercellular communication [11, 12, 18, 19] . But given the divergent domain combinations in M. brevicollis and metazoans [11, 18, 19] , the complete pTyr signalling toolkit probably arose shortly before the split of M. brevicollis and metazoans, when its signal encoding potential had not been saturated, and then underwent extensive divergent expansion in these two lineages after the split [11, 12] . In other words, although present before metazoans, pTyr signalling was still in its infancy in the last common ancestor of metazoans, and this virtually new signal encoding potential was allocated for intercellular signalling that underlies the origin of animal multicellularity [11, 12] . However, more recent genome/transcriptome sequencing has uncovered complete pTyr signalling toolkits in diverse eukaryotic branches besides M. brevicollis and metazoans (figure 2). These include all analysed species in the Choanoflagellata, Filasterea, Ichthyosporea and Corallochytrea (four lineages of close metazoan relatives, which form the Holozoa together with the Metazoa) [22] [23] [24] [25] [26] , the amoebozoan Acanthamoeba castellanii [27] , the green alga Chlamydomonas reinhardtii, as well as potentially the higher plants Arabidopsis thaliana and Oryza sativa [28] [29] [30] [31] . TKs are also present in the amoebozoan Physarum polycephalum [32] , the apusozoan Thecamonas trahens [23] and the oomycete Phytophthora infestans [28, 33] Figure 2 . The origin and evolution of pTyr signalling components in eukaryotes. The branches in the phylogenetic tree are not proportional to the divergence time. The numbers of TKs, PTPs and SH2 domain-containing proteins in each species are derived from the literature. A dash (-) indicates that the number of a certain pTyr signalling component in a certain species has not been analysed. Species in red have complete pTyr signalling toolkits, and species in blue have putative TKs but the presence of PTPs and/or SH2 domain-containing proteins in these species has not been analysed. Numbers shaded in light grey were predicted from RNA-seq data, and the number shaded in dark grey (the number of TKs in Ministeria vibrans) was obtained via targeted PCR-based cloning of M. vibrans cDNAs, while other numbers in this figure were all generated from genomic sequence data. Numbers labelled by one asterisk (*) are numbers of domains, while other numbers in this figure are all numbers of proteins. The number of TKs in Oryza sativa (6/7) means that six and seven putative TKs were identified in O. sativa ssp. Indica and O. sativa ssp. Japonica, respectively.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170681 [34] , as well as many other species [19, [27] [28] [29] (figure 2). By contrast, SH2 domains and PTPs display a widespread presence in the Eukaryota, even in its basal lineages [25, 34, 35] (figure 2). These new discoveries are not necessarily against the previously proposed stepwise manner towards the complete pTyr signalling toolkit [12] , but tend to support an alternative view on the time of the origin of pTyr signalling and a complementary view on its subsequent evolution. The presence of complete pTyr signalling toolkits in the Holozoa, Amoebozoa, green plants, and probably other eukaryotic lineages indicates the emergence of pTyr signalling in early eukaryotic evolution [28, 29, 31, 32] , which disproves the direct functional correlation between the mere emergence of pTyr signalling and the origin of metazoan multicellularity. The absence of TKs in many eukaryotic lineages may suggest multiple losses after an early origin [28, 32] , although the current evidences cannot entirely exclude the possibility of multiple independent origins or horizontal gene transfers. In some lineages that had experienced such loss, TKs may have been supplanted by other kinases that can carry out similar functions [27] . One candidate may be found in tyrosine kinase-like (TKL) kinases [32] , which resemble both TKs and STKs in sequence but act biochemically as STKs or, in some cases, as dual-specificity kinases or TKs. Of the 66 TKLs in D. discoideum, two have dual-specificity, and the other four have TK activity [36] . Similarly, the rather limited number of pTyr signalling components, though not complete loss, in some eukaryotic lineages may also be explained by alternative molecular machineries performing similar functions. For instance, considering the widespread tyrosine phosphorylation and its physiological importance in plants [37] , the abundance in TKLs, dual-specificity phosphatases and C2 domains in plants may make up for their scarcity in TKs, PTPs and SH2 domains [29, 30, 37] . In fact, several plant TKLs have been identified to phosphorylate tyrosine residues and function in signalling in response to external signals [38] .
Distinct features of phosphotyrosine signalling in the Holozoa
As the origin of the complete pTyr signalling toolkit long predates the origin of metazoans, the mere emergence of pTyr signalling can no longer successfully account for the origin of metazoan multicellularity. However, pTyr signalling in the Holozoa appears to exhibit distinct features from other eukaryotic lineages, which may have paved the way for it to later evolve as a powerful intercellular communication system in metazoans. Unlike other eukaryotic lineages that contain limited or even partial loss of pTyr signalling toolkits, Holozoa, ever since its onset, has experienced a rapid and extensive expansion of all three pTyr signalling components in all analysed lineages, leading to an unparalleled rich repertoire of pTyr signalling toolkits with both abundance and domain architecture complexity (figure 2) [19, [23] [24] [25] [26] . Moreover, while TKs, PTPs and SH2 domains had ancient origins and underwent significant expansions at the holozoan onset, another pTyr-binding domain, the PTB domain appears to be a holozoan innovation [25] , which may further add to the diversity of the holozoan pTyr signalling toolkit. This diverse signalling toolkit is in turn fundamental for the generation of phenotypic complexity (especially cell type diversity) in metazoans [34, 35] . Such significant expansion of holozoan pTyr signalling toolkits was mainly achieved by gene duplication and domain shuffling [17, 23, 25, 28, 34, 35, 39] , and was probably permitted by holozoan pTyr signalling as an orthogonal signalling system (i.e. one that has little cross-interference with pre-existing signalling systems such as pSer/Thr signalling) that endowed it with plenty of opportunities for evolving novel functions. Such orthogonality between pTyr and pSer/Thr signalling in the Holozoa is clearly reflected in the choanoflagellates Salpingoeca rosetta and M. brevicollis, where STKs and TKs displayed contrasting evolutionary patterns between these two species [24] , as well as in the filasterean Capsaspora owczarzaki, where the pSer/Thr-and pTyr-regulated genes are enriched in genes of different functions and origins [26] . The orthogonality of holozoan pTyr signalling was previously explained by the emergence of dedicated TKs, in contrast with the dual-specificity kinases in previous stages of pTyr signalling evolution [11, 12] . A complementary element for forging this orthogonality may lie in the domain combinations within holozoan pTyr signalling components. In the two amoebozoans that possess metazoan-like TKs yet relatively limited pTyr signalling toolkits, SH2 domains are frequently combined with STK catalytic (S_TKc) domains within the same protein, but never with TK or PTP catalytic (TyrKc or PTPc) domains [25, 27, 32] , suggesting a significant cross-interference of pTyr signalling with pSer/Thr signalling. But in analysed holozoans, SH2 domains are frequently combined with TyrKc or PTPc domains, but rather rarely with S_TKc domains, if there are any [25] .
Besides, the extracellular regions of metazoan RTKs display a great variety of domain combinations, reflecting their important function in recognizing diverse extracellular ligands [7] . The presence of diverse extracellular domain combinations in RTKs is also characteristic of all analysed premetazoan holozoans [19, [23] [24] [25] . However, extracellular domains are not found in almost all RTKs of analysed non-holozoan species, including four RTKs of the green alga C. reinhardtii [31] , seven RTKs of A. castellanii [27] and two out of three RTKs of P. polycephalum (with the only exception containing an extracellular PbH1 repeat) [32] . These facts may suggest that although RTKs may have appeared early in eukaryotic evolution, extracellular domains of RTKs may be a later innovation in the Holozoa, which was probably used by holozoans for sensing extracellular signals.
Moreover, the aforementioned exclusive presence of the SH2-TyrKc and -PTPc domain combinations in the Holozoa may have two influences in the regulatory properties of holozoan pTyr signalling besides contributing to its orthogonality. First, in some metazoan TKs and PTPs that contain SH2 domains, the SH2 domain is involved in the regulation of the enzymatic activity of the protein (discussed in the fifth section). Second, such recruitment of reader modules into writer/eraser proteins can promote the formation of complex and efficient regulatory circuits by creating positive/negative feedback loops [12, 25] . For example, a positive feedback loop can be generated when a SH2-TyrKc protein recognizes a pTyr site and then amplifies the signal by further phosphorylation, and a negative feedback loop can be generated likewise by a SH2-PTPc protein [12] .
These distinct features of holozoan pTyr signalling may be related to, or even find their roots in, the distinct phylogenetic position of holozoan TKs. It was revealed by phylogenetic analyses that all holozoan TKs form a monophyletic cluster (group A TKs), which has a single evolutionary origin from
sifications and have so far not been detected in the same species, suggesting group B TKs were lost and replaced by newly evolved group A TKs at the group B-A split [23, 25] .
Functional transition of phosphotyrosine signalling at the origin of Metazoa
Comparative analyses across different holozoan lineages have unravelled different evolutionary patterns of CTKs and RTKs in the Holozoa. Although each holozoan lineage independently evolved a subset of its CTKs, a core set of CTK families emerged very early and remained conserved throughout the holozoan evolution. Of the 10 common metazoan CTK families, at least four (Src, Csk, Tec, and Abl; designated as Src-related CTKs for their shared SH3-SH2-TyrKc domain architecture) were established in the basal holozoans [25] , and at least eight (Src, Csk, Tec, Abl, Fak, Fes, Shark/HTK16, and potentially Syk or Jak) have a premetazoan origin [13, 17, 19, 23, 24] . In contrast with the deep conservation of most holozoan CTKs, RTKs in the Holozoa are featured with extensive lineage-specific diversifications. No clear orthology can be observed between RTKs of the Metazoa, Choanoflagellata, Filasterea, Ichthyosporea and Corallochytrea [17, 19, 23, 25] . The only exception may be the orthologues of metazoan Eph RTK family in M. brevicollis and S. rosetta [13, 24] . While in the Metazoa a core set of RTK families were established in basal metazoans (before the divergence of sponges and eumetazoans) and remained largely conserved throughout metazoan evolution [2, 13, 23, 40] , continued diversification of RTKs was evident within major premetazoan lineages after their splits from each other, as observed in the Choanoflagellata [23, 24] , Filasterea [23] and Ichthyosporea [25] .
The contrasting evolutionary patterns of RTKs before and after the onset of Metazoa may reflect an important functional shift of pTyr signalling at the unicellular-multicellular transition. It is hypothesized that pTyr signalling was originally used for sensing environmental cues in the premetazoan stage, when RTKs underwent extensive lineage-specific diversifications as adaptations to different environments that cells were directly exposed to, and was later co-opted for intercellular communication after the metazoan origin, when RTKs, after the initial rapid establishment of a new repertoire, remained largely conserved because they generally confronted the internal fluids [13, 15, 23, 25] . This proposed correlation between evolutionary conservativeness, environmental variability and biological functions may find its further support in sponge RTKs and holozoan CTKs. RTKs of the sponge Amphimedon queenslandica present a hybrid state where several common metazoan RTK families and considerable independent diversification coexist [2, 13, 23, 40] , reflecting the constant exposure of its tissues to the outer environment at the primitive stage of multicellularity [23] . Also, the deep conservation of most holozoan CTKs may be because they generally transmit signals in a relatively stable intracellular environment [23] . Interestingly, such contrasting evolutionary patterns of holozoan cytoplasmic and receptor TKs can also be observed in holozoan cytoplasmic and receptor PTPs [19, 25] .
This functional transition of pTyr signalling from environmental sensing to intercellular communication was achieved, at least in part, by the rapid establishment of a new RTK repertoire that specialized in intercellular communication. With the generation of a cell-cell communication machinery in metazoans through minor changes of a pre-existing signalling system rather than invention of an entirely new one, this is reminiscent of the conclusion of a recent study on the multicellular origin of social amoebas, 'the transition to multicellularity required novel signals and sensors rather than novel signal processing mechanisms' [41] . Furthermore, the emergence of this new RTK repertoire was probably enabled by the aforementioned distinct features of holozoan pTyr signalling, especially its high diversification ability and RTKs with diverse extracellular domains. In particular, this high diversification ability of holozoan pTyr signalling system may contribute not only to its expansion, but also to its evolutionary plasticity by producing diverse raw materials that different selective pressures can act upon, leading to lineage-specific diversifications of premetazoan RTKs and the emergence of a new RTK repertoire under the requirement of nascent metazoan multicellularity. In addition, the emergence of a new RTK repertoire at the evolutionary unicellular-multicellular transition may mirror the significant upregulation (in abundance and/or activity) of a subset of RTKs (potentially specialized for intercellular communication) at the temporal unicellular-multicellular transition of some facultatively multicellular organisms, as observed in the transcriptomic analyses of S. rosetta [24] and the proteomic analyses of C. owczarzaki [26] . The latter study also suggests that the dynamic proteome and phosphosignalling regulation used in the life-cycle transitions of a unicellular relative may have undergone a temporal-spatial co-option to mediate spatial cell differentiation in multicellular animals [26] .
The hypothesis of a functional transition of pTyr signalling necessitates a more direct characterization of its ancestral biological functions. One early study revealed the rapid changes of M. brevicollis tyrosine phosphorylation in response to nutrient availability, which was consistent with the proposed function of premetazoan pTyr signalling in sensing environmental cues [15] . Treatment with TK inhibitors in M. brevicollis suggested the requirement of TK activity for cell proliferation [15] . In C. owczarzaki, the pTyr network is enriched in TK activity, filopodia, actin cytoskeleton proteins and focal adhesion proteins [26] , which was reflected in an immunofluorescence analysis that found CoSrc1 and CoSrc2 localizing to punctate structures in filopodia and co-localizing with actin, probably functioning as a part of an ancestral focal adhesion complex [42] . Nevertheless, owing to the lack of gene manipulation methods in these nonanimal holozoans, the studies on the biological functions of premetazoan pTyr signalling have been largely preliminary.
Biochemical properties of Premetazoan phosphotyrosine signalling
Comparison of premetazoan and metazoan pTyr signalling toolkits reveals both conservation and divergence at the sequence level. But conserved sequences are not necessarily linked to the same properties, and neither are divergent domain combinations to different functions. This necessitates more direct studies of premetazoan pTyr signalling components through biochemical experiments, which have revealed a more refined picture about the premetazoan establishment or later metazoan innovation of different key features of metazoan pTyr signalling.
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Multiple CTKs from different premetazoan lineages have been cloned and analysed biochemically. These included (i) M. brevicollis: MbSrc1 [18, 19, 43] , MbSrc4 [44] , MbCsk [43] , MbAbl2 [45] and HMTK1 [46] ; (ii) Monosiga ovata (a choanoflagellate distantly related to M. brevicollis): MoSrcE, MoSrcF, MoSrcFv and MoCsk [16] ; (iii) C. owczarzaki: CoSrc1, CoSrc2 and CoCsk [42] ; and (iv) Ministeria vibrans (the other filasterean): MvSrc1, MvSrc2 and MvCsk [47] . Their major domains have also been annotated (electronic supplementary material, figure S1 ). Like their mammalian counterparts, all these Src and Csk family kinases share a SH3-SH2-TyrKc domain architecture, with Src having an additional myristoylation sequence at the N-terminus, but MbSrc4 has a unique N-terminal C2 domain instead of the myristoylation sequence [16, 19, 23, [42] [43] [44] 47] . MbAbl2 possesses the SH3-SH2-TyrKc combination while lacking the N-terminal myristoylation sequence, cap region and the large C-terminal portion that feature the mammalian counterparts [19, 45] . In HMTK1, three PTB domains lie directly N-terminal to TyrKc domain, whereas PTB domains are not found in metazoan TKs [19, 46] .
Despite some having unusual domain architectures, all these premetazoan CTKs are active TKs (except for CoCsk and MvCsk that are discussed below) (electronic supplementary material, table S1). They all exhibit significant TK activity towards synthetic TK substrates in vitro, although they display various levels of TK activity towards cellular substrates when expressed in mammalian cells, as well as various levels of similarity in substrate specificity to their mammalian counterparts [16, 18, 19, [42] [43] [44] [45] [46] [47] . Notably, MvSrc2 also has significant STK activity, probably representing an intermediate form in TK evolution that resembles TKs in sequence but acts biochemically as a dual-specificity kinase [47] .
Some metazoan CTKs contain membrane-binding regions that participate in functions like transducing signals from activated RTKs [7] . For example, the N-terminal myristoylation sequence in mammalian Src kinases is necessary for their membrane localization [48] . In M. brevicollis, MbSrc1-3 each has a predicted membrane-binding myristoylation sequence at the N-terminus, while MbSrc4 replaces it with a C2 domain, which was demonstrated to function similarly in mediating protein membrane localization [44] (electronic supplementary material, table S1).
Substrate targeting of metazoan TKs is mainly mediated, not by direct interactions between TyrKc domain and the primary sequence embedding the target tyrosine residue, but by second site interactions between kinase and substrate (e.g. by SH2 and SH3 domains in Src) [7] . In MbSrc1, the SH3 domain can target the kinase to phosphorylate synthetic substrates, while the SH2 domain cannot, despite its capability of binding to pTyr-containing ligands [43] . Similar results were also observed in all four filasterean Src kinases [42, 47] , but SH3-and SH2-mediated substrate targeting are both intact in MbSrc4 [44] . Besides, the PTB domain in HMTK1 can also perform the substrate targeting function, and its substrates may reach beyond pTyr-containing peptides [46] . This, together with MbSrc4, presents cases where premetazoan pTyr signalling components possess divergent domain compositions but shared domain positions and functions, suggesting convergent evolution and common constraints acting on the design of pTyr signalling toolkits [19, 44, 46, 49] . In summary, along with dedicated TyrKc domains and CTK membranebinding regions, functional pTyr-binding domains and substrate targeting functions of CTK noncatalytic domains can also find their premetazoan origins (electronic supplementary material, table S1).
A hallmark of metazoan TKs is the tight regulation of their activity, and their aberrant activation is closely linked to dysregulated cell activities and cancer [50] . For example, the aberrant upregulation of Src activity inhibits intercellular interactions, and leads to loss of cell adhesion and increase of migratory or invasive potential in some cancers [51] . In normal cells, Src activity is regulated in a reciprocal fashion by Csk-mediated constitutive phosphorylation of a tyrosine residue at the C-terminal tail (which inhibits Src activity) and by autophosphorylation of a tyrosine residue in the activation loop of TyrKc domain upon dephosphorylation of the C-terminal tyrosine residue by certain PTP or upon binding to SH3 or SH2 ligands (which increases Src activity) [48] . The inhibitory mechanism involves two intramolecular interactions that lock Src into an autoinhibitory conformation: (i) a Csk-phosphorylated C-terminal tyrosine residue binds to the SH2 domain; and (ii) the SH3 domain binds to a polyproline helix in the SH2-TyrKc linker region [49, 52] . This Csk-mediated negative regulation of Src activity is highly conserved and arose early in metazoan evolution, even in the sponge [16] and hydra [53] (electronic supplementary material, table S2).
Consistent with the predicted presence of positive regulatory tyrosine residues in all analysed premetazoan Src kinases (electronic supplementary material, figure S1), they all can be activated by autophosphorylation (electronic supplementary material, table S1) [42] [43] [44] 47] . Similar results were also observed in MbAbl2 [45] (but probably not in HMTK1 [46] ) (electronic supplementary material, figure S1 and table S1), indicating the early establishment of this positive regulatory mechanism in holozoan evolution.
However, unlike their metazoan counterparts, all analysed premetazoan Src kinases exhibit high activity despite the presence of Csk and predicted negative regulatory C-terminal tyrosine residues (electronic supplementary material, figure S1 and table S2). In the choanoflagellates M. ovata and M. brevicollis, MoCsk and MbCsk can phosphorylate the C-terminal tyrosine residues of MoSrcF/Fv and MbSrc1, respectively, but this is not capable of inhibiting Src activity [16, 43] . More pronouncedly, in the filastereans C. owczarzaki and M. vibrans, CoCsk (or MvCsk) have no measurable TK activity towards CoSrc1/2 (or MvSrc1/2) and generic TK substrates, and the presence of CoCsk (or MvCsk) even enhances CoSrc1/2 (or MvSrc1/2) activity [42, 47] . These results may have several important implications. First, Csk may have arisen initially as a pseudokinase that had other functions (e.g. scaffolding, as CoCsk can bind to CoSrc1/2 [42] ), acquired TK activity later, and co-opted to negatively regulate Src activity in metazoans. Alternatively, Csk may have evolved as an active TK but lost its activity in the filastereans [42, 47] . Second, SH3 and SH2 domains of Src (and, more generally, many noncatalytic domains of TKs) may have evolved first for substrate targeting, and later undergone fine-tuning of domain arrangements to gain functions in intramolecular autoinhibition [42] [43] [44] 46, 47, 49] . Third, as high basal activity of Src was observed in M. ovata and C. owczarzaki [16, 42] , negative regulation of Src activity may be absent in premetazoan holozoans and thereby a metazoan innovation. One of four Src isoforms (EfSrc2) in the sponge Ephydatia fluviatilis also lacks Csk-mediated negative regulation (electronic supplementary material, Considering the inhibitory effects of elevated Src activity on intercellular interactions, the evolution of negative regulation of Src activity (and, more generally, of TK activity) may contribute to the maintenance of intercellular interactions and thereby the origin of animal multicellularity [16, 42, 43, 47, 49] . This hypothesis may be further supported by MbAbl2 that exhibits constitutive activity compared to its tightly regulated mammalian counterpart, owing to its lack of N-terminal myristoylation sequence and cap region that regulate mammalian Abl activity [45, 54] . Furthermore, this proposed correlation between regulatory evolution and multicellular transition mirrors a model where cancer, which is featured with loss of regulatory constraints that leads to lost intercellular cooperation and unlimited cell proliferation, can be viewed as a reverse evolution from multicellularity to unicellularity [2] [3] [4] .
In addition to premetazoan CTKs, the overall domain architecture and diversity of premetazoan RTKs raises the possibility of the premetazoan establishment of RTK-mediated signal transduction machinery. In metazoans, ligand binding induces RTK dimerization and, in most cases, subsequent autophosphorylation at the activation loop of its intracellular TyrKc domain that activates its TK activity, which further autophosphorylates other intracellular tyrosine residues of the RTK. These pTyr on the activated RTK then recruit pTyr-binding domaincontaining proteins (e.g. some CTKs) that initiate downstream signalling [7] . These properties (except for ligand binding and dimerization) have been directly demonstrated by biochemical studies to exist in an RTK of M. brevicollis, RTKB2 (previously named MBRTK1 [14] ) [19, 44, 46, 55] (electronic supplementary material, figure S1 and table S1). This suggests that the key features of metazoan RTK-mediated signal transduction machinery might have been established before metazoans [55] , which contribute to our understanding about the time points of a series of functional innovations in RTK evolution [56] . Importantly, this may also set an important molecular basis for the potential role of premetazoan pTyr signalling in environmental sensing and its co-option at the multicellular transition.
Lastly, a PTP in M. brevicollis, MbSHP, has also been studied biochemically. SHP is one of the two PTPs conserved across the animal kingdom, and it can dephosphorylate Src in mammals [57, 58] . Like its two human counterparts, MbSHP contains two SH2 domains lying N-terminal to a PTPc domain (electronic supplementary material, figure S1), and the PTPc domain is active and its activity is suppressed by the SH2 domain, suggesting that the intramolecular autoinhibition of SHPs evolved before metazoans [58] .
Conclusion
Recent genome/transcriptome sequencing of many non-metazoan species has unravelled a surprisingly early establishment of the complete pTyr signalling toolkit in eukaryotic evolution, which disproves the previously hypothesized direct functional correlation between the mere emergence of pTyr signalling and the origin of metazoan multicellularity. Nevertheless, holozoan pTyr signalling appears to have evolved several distinct features since the holozoan onset, especially the high diversification ability that may enable the expansion and plasticity of holozoan pTyr signalling toolkits, RTKs with diverse extracellular domains that may recognize various extracellular signals, as well as SH2-TyrKc/PTPc domain combinations that may facilitate the formation of complex regulatory circuits and the regulation of enzymatic activity. These properties may have contributed to an important functional transition of pTyr signalling at the multicellular origin (and its later elaboration in metazoan evolution), from environmental sensing to intercellular communication. More genomic sequencing will continue to refresh our picture of pTyr signalling evolution and its connection to the origin of metazoan multicellularity, and more transcriptomic and proteomic analyses may promote our understanding of the regulatory properties of premetazoan pTyr signalling (especially in the facultatively multicellular organisms such as S. rosetta, C. owczarzaki, Sphaeroforma arctica and Creolimax fragrantissima [59] ).
Biochemical analyses of premetazoan pTyr signalling components have partially filled the sequence-function gap and yielded more details about pTyr signalling evolution. Some key features of metazoan pTyr signalling may find their premetazoan origins, such as the enzymatic activity of TKs (and its activation by autophosphorylation) and PTPs, the pTyr binding function of SH2 and PTB domains, the membrane association of some CTKs, and the RTK-mediated signal transduction machinery; while other features may be metazoan innovations, the most extensively studied being the Cskmediated inhibition of Src activity, which may have a broader implication that the evolution of negative regulation of TK activity may be required for the maintenance of intercellular interactions in the nascent animal multicellularity. Future biochemical studies will continue to expand the profile of analysed premetazoan pTyr signalling components, and an interesting focus may be on the specific ligands of RTKs and pTyr-binding domains as well as the cellular substrates of TKs and PTPs, which may reveal the circuit properties of premetazoan pTyr signalling. Moreover, the further understanding of the biological functions of premetazoan pTyr signalling and its co-option would require gene manipulation methods in non-animal holozoans. The recent establishment of cell transformation and gene silencing techniques in C. fragrantissima [59] , as well as forward [60] and reverse genetics (Nicole King 2016, personal communication) in S. rosetta, and the potential application of CRISPR/Cas9-mediated genome editing in premetazoan holozoans will thus pave the way for future functional analyses and even synthetic experimental evolution.
Phosphotyrosine signalling has received central attention in this review about the origin of animal multicellularity and cell communication in metazoans. But it is noteworthy that pTyr signalling is neither the only intercellular signalling system (not to mention the only molecular system with functions related to multicellularity) that has a premetazoan origin [18, 61] , nor the only potential solution (or even the only potential kinase solution) to cell communication at different multicellular transitions [12, 13] . While the knowledge about pTyr signalling will inspire relevant researchers and vice versa, further understanding of the genetic foundation of the origin of multicellularity will also benefit from comparative studies across different molecular systems and multicellular lineages.
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